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Systems and methods for statistical data decimation are
described. The method includes receiving a variable from a
radio frequency (RF) system, propagating the variable
through a model of the RF system, and counting an output
of the model for the vaniable to generate a count. The method
further i1ncludes determining whether the count meets a
count threshold, generating a statistical value of the vaniable
at the output of the model upon determining that the count
meets the count threshold, and sending the statistical value
to the RF system to adjust the variable.
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COMPUTATION OF STATISTICS FOR
STATISTICAL DATA DECIMATION

CLAIM OF PRIORITY

This application 1s a continuation application and claims
the benefit of and prionity under 35 U.S.C. § 120 to co-
pending U.S. application Ser. No. 15/046,324, filed on Feb.
17,2016, and titled “Computation of Statistics for Statistical
Data Decimation,” which 1s a continuation of U.S. applica-
tion Ser. No. 14/086,883, filed on Nov. 21, 2013, now 1ssued

as U.S. Pat. No. 9,295,148, on Mar. 22, 2016, and titled

“Computation of Statistics for Statistical Data Decimation,”
which claims the benefit of and priority under 35 U.S.C. §
119(e) to U.S. Provisional Patent Application No. 61/737,
623, filed on Dec. 14, 2012, and titled “Methods of Com-
putation of Statistics For Statistical Data Decimation,” all of
which are hereby incorporated by reference 1n their entirety.

FIELD

The present embodiments relate to performing statistical
data determination and use of a statistical value 1n a plasma
system.

BACKGROUND

In a plasma system, a radio frequency (RF) signal 1s
generated by a generator. The signal i1s transierred to a
plasma reactor to generate plasma within the plasma reactor.
The plasma formed in the plasma reactor 1s used for a variety
of applications, e.g., clean a watler, deposit materials on the
walfer, etch the wafter, etc.

It 1s desirable to control properties of the plasma to control
the applications. For example, it 1s desirable to control
plasma umiformity to achieve an etch rate. As another
example, 1t 1s desirable to control power of the plasma to
achieve a deposition rate.

To control a property, the property 1s measured using a
sensor 1n the plasma system.

It 1s 1in this context that embodiments described in the
present disclosure arise.

SUMMARY

Embodiments of the disclosure provide apparatus, meth-
ods and computer programs for generating a statistical value
to reduce an amount of data associated with a model within
a plasma system. It should be appreciated that the present

embodiments can be implemented 1n numerous ways, €.g., a
process, an apparatus, a system, a device, or a method on a
computer-readable medium. Several embodiments are
described below.

In some embodiments, a statistical value 1s used to control
a plasma chamber or to generate an RF signal. For example,
instead ol analyzing all values of a variable at an output of
a computer-generated model to control a plasma chamber, a
statistical value 1s generated from the values and 1t 1s
determined whether the statistical value 1s within a pre-
determined range. Upon determining that the statistical
value 1s within the pre-determined range, the plasma cham-
ber 1s not controlled, e.g., an RF signal being supplied to the
plasma chamber 1s not modified, etc. On the other hand,
upon determinming that the statistical value 1s outside the
pre-determined range, the plasma chamber 1s controlled
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2

using the statistical value, e.g., an RF signal supplied to the
plasma chamber 1s generated based on the statistical value,
etc.

In various embodiments, a method includes receiving a
variable from a radio frequency (RF) system, propagating
the variable through a model of the RF system, and counting
an output of the model for the variable to generate a count.
The method further includes determining whether the count
meets a count threshold, generating a statistical value of the
variable at the output of the model upon determining that the
count meets the count threshold, and sending the statistical
value to the RF system to adjust the variable.

In various embodiments, a method includes receiving data
assoclated with a variable from a radio frequency (RF)
generator. The RF generator 1s configured for generating an
RF signal to be supplied via an impedance matching circuit
to a plasma chamber. The variable 1s associated with an RF
system, which includes the RF generator, impedance match-
ing circuit, and the plasma chamber. The method further
includes generating values at an output of a computer-
generated model based on the received data, counting an
amount of the values output from the computer-generated
model, determining whether the amount exceeds a count
threshold, generating a statistical value from the values
output from the computer-generated model in response to
determining that the amount exceeds the count threshold,
and sending the statistical value to the RF generator to adjust
the RF signal produced by the RF generator.

In some embodiments, a method includes receiving data
associated with a variable from a radio frequency (RF)
generator. The REF generator 1s used for generating an RF
signal to be supplied via an impedance matching circuit to
a plasma chamber. The vanable 1s associated with an RF
system, which includes the RF generator, impedance match-
ing circuit, and the plasma chamber. The method i1ncludes
generating values at an output of a computer-generated
model based on the received data, counting an amount of the
values output from the computer-generated model, deter-
mining whether the amount exceeds a count threshold,
generating a statistical value from the values output from the
computer-generated model 1n response to determining that
the amount exceeds the count threshold, determining
whether the statistical value 1s outside a pre-determined
range, adjusting the statistical value to be within the pre-
determined range 1n response to determining that the statis-
tical value 1s outside the pre-determined range, and sending
the adjusted statistical value to the RF generator to control
the RF generator to adjust the RF signal produced by the RF
generator.

In a number of embodiments, a method includes receiving,
data associated with a variable from a radio frequency (RF)
generator. The RF generator 1s used for generating an RF
signal to be supplied via an impedance matching circuit to
a plasma chamber. The variable 1s associated with an RF
system, which includes the RF generator, impedance match-
ing circuit, and the plasma chamber. The method further
includes generating values at an output of a computer-
generated model based on the received data, counting an
amount of the values output from the computer-generated
model, determining whether the amount exceeds a count
threshold, and generating a statistical value from the values
output from the computer-generated model 1n response to
determining that the amount exceeds the count threshold.
The method includes determiming whether the statistical
value 1s outside a pre-determined extent, generating an
indication of a fault in response to determining that the
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statistical value 1s outside the pre-determined extent, and
sending the fault indication to the RF generator.

Some advantages of one or more embodiments described
in the present disclosure include use of a statistical value
instead of all values of a variable at an output of a computer-
generated model to control a plasma chamber. For example,
instead of determinming whether the values are within a
pre-determined range, it 1s determined whether a statistical
value 1s within the pre-determined range. Upon determining,
that the statistical value 1s within the pre-determined range,
no change 1s made to further control the plasma chamber. On
the other hand, upon determining that the statistical value 1s
outside the pre-determined range, a change 1s made to the
statistical value to control the plasma chamber to achieve the
changed statistical value.

The use of the statistical value 1nstead of all the values at
an output of a computer-generated model saves processing
costs associated with processing the values. For example,
instead of using a number of servers, e.g., a server farm, etc.,
to process the values to generate a statistical value and to
control the plasma chamber based on the values, a number
of processors, €.g. one, two, etc. 1s sullicient to generate the
statistical value and to control the plasma chamber based on
the statistical value.

Other advantages of one or more embodiments described
in the present disclosure include decimating data received
alter generating a statistical value of a variable. The deci-
mation of the data creates empty locations within a storage
device of a host controller. The empty locations are used to
receive more data regarding a variable associated with a
plasma system.

Other aspects will become apparent from the following
detailed description, taken 1n conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments may best be understood by reference to
the following description taken in conjunction with the
accompanying drawings.

FIG. 1 1s a block diagram of a plasma system ifor
generating a statistical value of a variable, 1n accordance
with an embodiment described in the present disclosure.

FIG. 2 1s a diagram of another plasma system for gener-
ating a statistical value of a vaniable, in accordance with an
embodiment described 1n the present disclosure.

FIG. 3 1s a diagram of a host system of the plasma system
of FIG. 1 or FIG. 2, in accordance with an embodiment
described in the present disclosure.

FIG. 4 1s a diagram of another host system of the plasma
system of FIG. 1 or FIG. 2, in accordance with an embodi-
ment described 1n the present disclosure.

FIG. § 1s a diagram of a storage device for illustrating use
ol pointers to access a memory location, 1n accordance with
an embodiment described 1n the present disclosure.

FIG. 6 1s a diagram of an insertion sort operation, in
accordance with an embodiment described 1n the present
disclosure.

FI1G. 7 1s a diagram of memory arrays to illustrate a merge
sort operation, 1n accordance with an embodiment described
in the present disclosure.

FIG. 8 1s a diagram of a storage device to illustrate a
comparison operation within a merge sort operation, 1n
accordance with an embodiment described 1n the present
disclosure.
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4

FIG. 9 1s a diagram of a statistical determination (SD)
module of the plasma system of FIG. 1 or FIG. 2, i

accordance with an embodiment described i1n the present
disclosure.

FIG. 10 1s a diagram of an SD module of the plasma
system of FIG. 1 or FIG. 2, in accordance with an embodi-
ment described 1n the present disclosure.

FIG. 11 1s a diagram of an embodiment of a time slice
sampling method to compensate for bias and/or to detect a
fault 1n a plasma system, 1n accordance with one embodi-
ment described 1n the present disclosure.

FIG. 12 1s a block diagram of an SD module that 1s used
to generate a moving variance, in accordance with an
embodiment described 1n the present disclosure.

FIG. 13 1s a flowchart of a method for generating a
statistical wvalue, 1n accordance with an embodiment
described in the present disclosure.

DETAILED DESCRIPTION

The following embodiments describe systems and meth-
ods for performing statistical data decimation. It will be
apparent that the present embodiments may be practiced
without some or all of these specific details. In other
instances, well known process operations have not been
described 1n detail in order not to unnecessarily obscure the
present embodiments.

FIG. 1 1s a block diagram of an embodiment of a plasma
system 100 for generating a statistical value of a vaniable.
The plasma system 100 includes a host system 140, an x
megahertz (MHz) radio frequency (RF) generator, a y MHz
RF generator, and a z MHz RF generator. Each RF generator
includes a controller. For example, the x MHz RF generator
includes an x controller, the y MHz RF generator includes a
y controller, and the z MHz RF generator includes a z
controller. Examples of x MHz, vy MHz, or z MHz include
2 MHz, 27 MHz, and 60 MHz. In some embodiments, x
MHz 1s 2 MHz, y MHz 1s 27 MHz, and z MHz 1s 60 MHz.
Moreover, the host system 140 includes a host controller
150.

In some embodiments, a controller includes a processor
and a storage device. In several embodiments, a processor 1s
a central processing unit (CPU), or a microprocessor, or an
application specific integrated circuit (ASIC), or a program-
mable logic device (PLD), etc. Examples of a storage device
include a read-only memory (ROM), a random access
memory (RAM), or a combination thereof. In various
embodiments, a storage device 1s a flash memory, or a
redundant array of storage disks (RAID), or a hard disk, eftc.

The x controller 1s coupled to the host system 140 via a
cable 144, which includes a serial connection, or a parallel
connection, or a parallel serial parallel interface (PSPI).
Similarly, the y MHz RF generator 1s coupled to the host
system via a cable and the z MHz RF generator 1s coupled
to the host system 140 via a cable. Each cable coupling an
RF generator to the host system 140 includes a serial
connection, or a parallel connection, or a parallel serial
parallel iterface (PSPI).

The plasma system 100 further includes an impedance
matching circuit 106 and a plasma chamber 111. The 1imped-
ance matching circuit 106 1s connected to the plasma cham-
ber 111 via an RF transmission line 132. In some embodi-
ments, a portion of the RF transmission line 132 includes an
RF cable that 1s surrounded by an insulator that is sur-
rounded by an RF tunnel and another portion of the RF
transmission line 132 leading to a chuck 1352 1s surrounded
by an RF cylinder.
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The impedance matching circuit matches an impedance of
a load connected to the impedance matching circuit with that
of a source connected to the impedance matching circuit.
The source provides RF energy to the load, which consumes
the RF energy. Examples of the source include one or more
of the X, y, and z RF generators, and one or more of the RF
cables coupling the RF generators to the impedance match-
ing circuit 106. In some embodiments, the source includes
other devices (not shown), e.g., a filter used to filter an RF
signal supplied via an RF cable, etc., of the plasma system
100 that are coupled between the impedance matching
circuit 106 and one or more of the x, y, and z MHz RF
generators. Examples of the load include the plasma cham-
ber 111 and the RF transmission line 132. Other examples of
the load include other devices (not shown), e.g., a filter to
filter an RF signal supplied via the RF transmission line 132,
etc., of the plasma system 100 that are coupled between the
impedance matching circuit 106 and the plasma chamber
111.

The plasma chamber 111 includes the chuck 152, e.g., an
clectrostatic chuck (ESC), a magnetic chuck, etc., that i1s
connected to the RF transmission line 132. The plasma
chamber 111 further includes an upper electrode 1354 that
taces the chuck 152. For example, a lower surface 156 of the
upper electrode 154 1s located across and faces an upper
surface 158 of the chuck 152. In various embodiments, the
upper electrode 154 1s grounded. The chuck 152 includes a
lower electrode that 1s made of a metal, e.g., anodized
aluminum, alloy of aluminum, etc. Also, the upper electrode
154 1s made of a metal, e.g., aluminum, alloy of aluminum,
etc.

A work piece 160, e.g., a semiconductor wafer, a semi-
conductor waler on which an integrated circuit 1s developed,
etc., 1s placed on the upper surface 158 for processing of the
work piece 160. Examples of processing the work piece 160
include cleaning the work piece 160, or etching the work
piece 160, or depositing films, e.g., oxide films, etc., on the
work piece 160, or a combination thereof, etc. The inte-
grated circuit developed on the work piece 160 1s used 1n a
variety of computing devices, such as, for example, cell
phones, tablets, smart phones, computers, laptops, network-
ing equipment, etc.

In some embodiments, the plasma chamber 111 includes
other components (not shown), e.g., an upper dielectric ring
surrounding the upper electrode 154, an upper electrode
extension surrounding the upper dielectric ring, a lower
dielectric ring surrounding the chuck 152, a lower electrode
extension surrounding the chuck 1352, an upper plasma
exclusion zone (PEZ) ring, a lower PEZ ring, etc.

In various embodiments, the upper electrode 154 includes
one or more holes that are coupled to a central gas feed, e.g.,
a gas supply line (not shown), etc. The central gas feed
receives one or more process gases from a gas source (not
shown). Examples of a process gases include an oxygen-
containing gas, such as O,. Other examples of a process gas
include a fluorine-containing gas, e.g., tetrafluoromethane
(CF,), sultfur hexafluonide (SF,), hexafluoroethane (C,F),
etc. The upper electrode 154 1s grounded. The lower elec-
trode 152 1s coupled to the x MHz RF generator via the
impedance matching circuit 106, to the y MHz RF generator
via the impedance matching circuit 106, and to the z MHz
RF generator via the impedance matching circuit 106.

When the process gas i1s supplied between the upper
clectrode 154 and the chuck 152 and when one or more of
the x, v, and z MHz RF generators supply one or more RF
signal power via the impedance matching circuit 106 to the
chuck 1352, the process gas 1s 1gnited to generate plasma
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within the plasma chamber 111. For example, the x MHz
generator supplies an RF signal 104 via the RF cable 130 to
the impedance matching circuit 106. The impedance match-
ing circuit 106 modifies one or more RF signals received
from corresponding one or more of the x, y, and z RF
generators to generate a modified RF signal and provides the
modified RF signal via the RF transmission line 132 to 1gnite
the process gas to generate plasma within a gap between the
chuck 152 and the upper electrode 154. As another example,
the y MHz RF generator supplies an RF signal via an RF
cable that couples the y MHz RF generator to the impedance
matching circuit 106 that modifies the RF signal. In this
example, the modified RF signal 1s further sent via the
impedance matching circuit 106 and the RF transmission
line 132 to the chuck 152 to generate plasma.

During operation of the plasma system 100 to generate
plasma, each RF controller receives an amount of data of a
variable from a sensor (not shown) that is coupled to a point
within the plasma system 100. For example, the x controller
receives values of a vaniable from a voltage and current
probe that 1s connected to the RF cable 130. As another
example, the y controller receives values of a variable from
a voltage and current probe that 1s connected to the RF cable
that connects the y MHz RF generator to the impedance
matching circuit 106. As another example, the v controller
receives values of a vaniable from a voltage probe that 1s
connected to the RF transmission line 132. As yet another
example, the z controller receives values of an optical sensor
that 1s optically coupled to the plasma via a window within
the plasma chamber.

Examples of a variable include power of an RF signal at
a point of the plasma system 100, or power of plasma, or
frequency of the RF signal, or real portion of load imped-
ance, or 1maginary portion of the load impedance, or a
voltage magnitude at the point, or a current magnitude at the
point, or a phase between a complex voltage and a complex
current at the point, or a water bias at the point, or 1on energy
at the point, or plasma potential at the point, or a complex
current at the point, or a complex voltage at the point, or load
impedance at the point, or a combination thereof.

Examples of a load impedance include an impedance of
one or more components of the plasma system 100. For
example, a load impedance 1s an impedance at a point within
the plasma system 100. As another example, a load 1imped-
ance 1s an 1mpedance ol one or more of the RF cable 130,
the RF cable coupling the y MHz RF generator to the
impedance matching circuit 106, the RF cable coupling the
7z MHz RF generator to the impedance matching circuit 106,
the impedance matching circuit 106, the RF transmission
line 132, and the plasma chamber 111.

In some embodiments, a point within the plasma system
100 includes a point at an output of the x MHz RF generator,
or a point at an output of the y MHz RF generator, or a point
at an output of the z MHz RF generator, or a point on the RF
cable 130, or a point on the RF cable coupling the y MHz
RF generator to the impedance matching circuit 106, or a
point on the RF cable coupling the z MHz RF generator to
the impedance matching circuit 106, or a point at an 1nput of
the impedance matching circuit 106, or a point at an output
of the impedance matching circuit 106, or a point on the RF
transmission line 132, or a point at the chuck 152.

In various embodiments, an output of the x MHz RF
generator 1s coupled via the RF cable 130 to an mput of the
impedance matching circuit 106, an output of the y MHz RF
generator 1s coupled via an RF cable to an mput of the
impedance matching circuit 106, and an output of the z MHz
RF generator 1s coupled via an RF cable to an iput the
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impedance matching circuit 106. In several embodiments, an
output of the impedance matching circuit 106 1s coupled via
the RF transmission line 132 to the chuck 152.

The host controller 150 includes one or more components,
¢.g., a variable requestor 170, a variable receiver 110, a
model 113, a model value generator 115, a data amount
calculator 112, a limit crossover determination module 114,
a statistical data decimation (SDD) module 172, a switch
module 180, an RF control block 197, and a sender 174. The
SDD Module 172 includes a statistical determination (SD)
module 116 and a data deletion module 120.

In some embodiments, one or more components of a host
controller, as described herein, are implemented as a com-
puter program on a non-transitory computer-readable
medium, such as, for example, a storage device, etc. In
various embodiments, one or more components of a host
controller are implemented as hardware, e.g., an application
specific 1ntegrated circuit, etc. For example, the switching
module 180 1s a transistor or a group of transistors. In several
embodiments, one or more components of a host controller,
as described herein, are implemented as a combination of
hardware and a computer program.

The variable requester 170 requests via a communication
channel of the cable 144 data of a variable from the x
controller. In some embodiments, the variable requester 170
sends an address, e.g., a port address, etc., of the variable
receiver 110 to the x controller to allow the x controller to
sends data of a variable to the variable receiver 110.

In a number of embodiments, the host controller 150
excludes the vanable requester 170 and the x controller
periodically sends data of a variable to the variable receiver
110. Upon recerving the request, the x controller sends data
ol a variable via a communication channel 102 of the cable
144 to the vaniable recerver 110.

In some embodiments, the variable requester 170 and the
variable receirver 110 1s implemented as one component.

Similarly, 1 several embodiments, the variable receiver
110 receives data of a variable from a combination of the x
controller, the v controller, and the z controller.

The variable recerver 110 receives data of a variable from
one or more of the x, vy, and z MHz RF generators and sends
the data to a model 113. Examples of the model 113 include
an RF cable model, or an impedance matching model, or an
RF transmission model, or a chuck model, or a combination
of the RF cable model and the impedance matching model,
or a combination of the RF cable model and the impedance
matching model and the RF transmission model, or a com-
bination of the RF cable model and the impedance matching,
model and the RF transmission model and the chuck model,
etc.

A model of a component of a plasma system 1s a com-
puter-generated model of the component. For example, the
RF transmission model 1s a computer-generated model of
the RF transmission line 132 (FIG. 1). As another example,
the RF transmission model includes an electrical circuit that
includes electrical components, e.g., capacitors, or induc-
tors, etc., of the RF transmission line 132. To 1llustrate, when
the RF transmission line 132 includes an inductor having an
inductance of L. Henry and a capacitor having a capacitance
of C Farad, the RF transmission model includes an inductor
having an inductance of L Henry and a capacitor having a
capacitance of C Farad. Moreover, 1n the RF transmission
model, components within the electrical circuit are con-
nected 1n the same manner, e.g., serial, parallel, etc., as that
in which electrical components of the electrical circuit of the
RF transmission line 132 are connected. For example, when
an inductor 1s connected 1n parallel with a capacitor within
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the RF transmission line 132, the RF transmission model
includes an inductor connector in parallel with an inductor.

Similarly, the impedance matching model 1s created based
on the impedance matching circuit 106 1n a similar manner
as that of generating the RF transmission model from the RF
transmission line 132. Moreover, the RF cable model 1s
created based on an RF cable, e.g., the RF cable 130 (FIG.
2), etc., mn a similar manner as that of generating the RF
transmission model from the RF transmission line 132. Also,
the chuck model 1s generated based on the chuck 152 1n a
similar manner as that of generating the RF transmission
model from the RF transmission line 132.

In some embodiments, the model 113 1s generated by a
processor of a host controller.

Examples of a generating a model are provided in appli-
cation Ser. No. 13/756,390, filed on Jan. 31, 2013, and titled
“Using Modeling to Determine Water Bias Associated with
a Plasma System”, which 1s incorporated by reference herein
in its entirety.

The model value generator 115 generates values of a
variable at an output of the model 113 based on the values
that are received by the vanable receiver 110 and charac-
teristics, e.g., capacitance, or inductance, or impedance, or
complex current, or complex current, etc., of the model 113.
For example, the model value generator 1135 propagates an
impedance value that 1s recetved from the x controller
through components of an RF cable model and an imped-
ance matching model to generate an impedance value at an
output of the impedance matching model. In some embodi-
ments, the impedance value that i1s received from the x
controller 1s an impedance value at an output of the x MHz
RF generator. As another example, the model value genera-
tor 115 propagates a complex current and voltage value that
1s recerved from the v controller via components of an RF
cable model, an impedance matching model, and an RF
transmission model to generate a complex voltage and
current value at an output of the RF transmission model. As
yet another example, the model value generator 115 propa-
gates a power value that 1s recerved from the vy controller via
components of an RF cable model, an impedance matching
model, an RF transmission model, and a chuck model to
generate a complex voltage and current at an output of the
chuck model.

In some embodiments, a value of a variable 1s propagated
when a directional sum i1s calculated of the value and
characteristics, e.g., impedance value, power consumption
value, voltage value, current value, etc., ol a component of
a model. An example of a directional sum i1s provided 1n
application Ser. No. 13/756,390.

In various embodiments, the model value generator 115
generates a value of one variable from values of one or more
variables. For example, the model value generator 1135
generates a value of a water bias at an output of the model
113 from a voltage magnitude of a complex voltage and
current at the output, a current magnitude of the complex
voltage and current at the output, and a power magnitude of
the complex voltage and current at the output. Other
examples of generating the wafer bias are provided 1n
application Ser. No. 13/756,390. As another example, the
model value generator 115 generates a value of 1on energy
at an output of the model 113 from a waler bias at the output
and a zero-to-peak voltage at the output. Other examples of
generating an ion energy 1s provided 1n application Ser. No.
61/799,969, filed on Mar. 15, 2013, and ftitled, “Using
Modeling to Determine Ion Energy Associated with a
Plasma System”, which 1s incorporated by reference herein
in its entirety.

—
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In some embodiments, for each value received by the
variable receirver 110 from one or more of the X, y, and z
MHz RF generators, a value at an output of the model 113
1s calculated.

Data of a variable at an output of the model 113 is sent
from the model value generator 115 to the data amount
calculator 112. The data amount calculator 112 counts a
number of values of a variable received from the model
value generator 115, and sends the count to the limit
crossover determination module 114.

In some embodiments, the data amount calculator 112
calculates a number of values of a variable that does not
exceed a maximum storage capacity of the variable receiver
110.

The limit crossover determination module 114 determines
whether the number of values received from the data amount
calculator 112 1s greater than a threshold, which 1s pre-stored
in the limit crossover determination module 114. Examples
of the threshold include 1000 values, or 10,000 values, or
100,000 values, etc. Other examples of the threshold include
500-1000 values, or 1000-10,000 values, or 10,000-100,000
values, or 100,000-10,00,000 values, or 10,00,000-10,000,
000 values.

Upon determining that the number of values i1s greater
than a threshold, a signal 1s sent from the limit crossover
determination module 114 to the SD module 116 to 1nitiate
generation of a statistical value from the values. On the other
hand, upon determining that the number of values does not
exceed a threshold, a signal 1s not sent from the limuit
crossover determination module 114 to the SD module 116
and the SD module 116 does not start generation of a
statistical value from the values.

In some embodiments, a threshold 1s generated based on
a storage capacity of a storage device of the host controller
150. For example, when the SD module 116 includes two
butlers, each storing n values of a variable, a threshold 1s n
values. When a first one of the two bufters 1s full, the SD
module 116 copies data from the first bufler to a second one
of the two buflers and imitiates calculation of a statistical
value from the data. The SD module 116 calculates a
statistical value based on values within the first bufler. After
the copying, 1n various embodiments, data within the first
builer 1s overwritten with data generated by the model value
generator 113.

In several embodiments, instead of the data amount
calculator 112, a ratio calculator 1s located within the host
controller 150. The ratio calculator 1s 1mplemented as a
computer program, or a hardware, or a combination thereof.
The ratio calculator calculates a ratio of a number of values
that are received from the model value generator 115 within
a time window to a number of values that are processed by
a processor ol the host controller 150 within the time
window. In these embodiments, the limit crossover deter-
mination module 114 determines whether the calculated
ratio 1s greater than a limit, which 1s pre-stored within a
storage device of the limit crossover determination module
114. Upon determining that the calculated ratio 1s less than
the limit, a statistical value 1s not generated from the values
generated by the model value generator 115. On the other
hand, upon determining that the calculated ratio 1s greater
than or equal to the limat, a statistical value 1s generated from
the values generated by the model value generator 115.

In some embodiments, a processing speed, which 1s equal
to a number of values processed within a time window, of a
processor of the host controller 150 1s determined based on
several factors, e.g., time taken to access and calculate a
statistical value from values recerved from the model value
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generator 1135, or time taken to achieve a pressure in the
plasma chamber 111 after a signal to generate the pressure
1s sent by the processor, or time taken to sense and receive
values of pressure within the plasma chamber 111, or time
taken to achieve a temperature in the plasma chamber 111
alter a signal to generate the temperature 1s sent by the
processor, or time taken to sense and receive values of
temperature within the plasma chamber 111, or time taken to
generate a gap between the upper electrode 154 and the
chuck 152 in the plasma chamber 111 after a signal to
generate the gap 1s sent by the processor, or time taken to
sense and receive values of a gap within the plasma chamber
111, or a combination thereof. For example, a processor of
the host controller 150 waits to process a pressure value until
the pressure value 1s sensed by a pressure sensor (not shown)
and received by the processor. This wait reduces processing
speed of the processor. As another example, a processor of
the host controller 150 waits to send a signal to change a gap
between the upper electrode 154 and the chuck 152 until a
pressure and temperature 1s achieved within the plasma
chamber 111 after a signal to achieve the pressure and
temperature 1s sent by the processor. This wait reduces
processing speed of the processor.

The SD module 116 determines a statistical value from
data of a variable 1n response to receiving a signal from the
limit crossover determination module 114 that an amount of
data of a vanable received from the model value generator
115 by the data amount calculator 112 exceeds a threshold.
For example, the SD module 116 applies a statistical opera-
tion, such as, for example, an insertion sort operation, or a
merge sort operation, or a moving interquartile range (IQR)
calculation operation, or an interquartile range calculation
operation, or a maximum value calculation operation, or a
minimum value calculation operation, or a mean value
calculation operation, or a median value calculation method,
or a variance value calculation method, or a standard devia-
tion value calculation method, or a moving mean value
calculation method, or a moving median value calculation
method, or a moving variance value calculation method, or
a moving standard deviation value calculation method, or a
mode, or a moving mode, or a combination thereot, etc., to
generate a statistical value from values of a vaniable.

After generation of a statistical value, the SD module 116
closes the switch module 180 to couple the varniable receiver
110 with the data deletion module 120. When the switch
module 180 1s closed, the data deletion module 120 accesses
data stored within a storage device of the data recerver 110
and deletes, e.g., erases, resets, etc., data stored within the
storage device to allow the vanable receiver 110 to receive
and store additional data of a variable from one or more of
the x, y, and z controllers. In this manner, a cost associated
with implementing a large number of variable receivers for
storing a large amount of data 1s reduced. By deleting data
of a variable stored within the variable receiver 110, the
variable receiver 110 1s used multiple times for storage of
data of a variable.

In some embodiments, a statistical value 1s provided by
the SD module 116 to the RF control block 197. The RF
control block 197 determines a statistical value of a variable
from a statistical value of the variable or of another variable
received from the SD module 116. For example, the RF
control block 197 determines a statistical value power and/or
a statistical value of frequency from a statistical value of a
variable received from the SD module 116. As another
example, the RF control block 197 determines a statistical
value of frequency to be the same as that received from the
SD module 116. As another example, the RF control block
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197 receives a statistical value of a watler bias at the output
of the model 113, and determines a voltage magnitude of a
complex voltage and current at the output, a current mag-
nitude of the complex voltage and current at the output, and
a power magnitude of the complex voltage and current at the
output. In this example, the voltage magnitude of a complex
voltage and current at the output, the current magnitude of
the complex voltage and current at the output, and the power
magnitude of the complex voltage and current at the output
satisty the value of the waler bias at the output. As another
example, the RF control block 197 receives a statistical
value of 1on energy at an output of the model 113 and
determines a waler bias value at the output and a zero-to-
peak voltage value at the output. In this example, the water
bias value and the zero-to-peak voltage satisty the value of
the 1on energy. The RF control block 197 sends a statistical
value of a variable determined by the RF control block 197
to the sender 174.

In various embodiments, the SD module 116 sends a
statistical value of a variable to the sender 174 1n addition to
or without sending the statistical value to the RF control
block 197.

The sender 174 sends a statistical value of a variable
received from the RF control block 197 and/or from the SD
module 116 via corresponding communication channels to
one or more of the X, y, and z controllers. For example, the
sender 174 sends a statistical value of a variable via a
communication channel 184 to the x controller, sends a
statistical value of a vanable via a communication channel
to the v controller, and sends a statistical value of a variable
via a communication channel to the z controller. As another
example, the sender 174 sends wvia the communication
channel 184 a statistical value of a variable that 1s generated
from data of the variable received from the x controller to
the x controller. As yet another example, the sender 174
sends via a communication channel coupled to the y con-
troller a statistical value of a variable that 1s generated from
data of the vaniable received from the y controller to the y
controller.

A controller of an RF generator receives a statistical value
of a vaniable from the sender 174 and provides the statistical
value to an RF supply, e.g., an RF supply 186, etc., of the RF
generator. The RF supply includes a driver, e.g., a transis-
tors, a group of transistors, etc., that generates an RF signal,
¢.g., an RF signal 124, etc., having a statistical value of a
variable received from the sender 174. The RF signal 1s
amplified by an RF amplifier connected to the driver and 1s
sent via an RF cable that 1s coupled to the RF amplifier to
the impedance matching circuit 106.

The impedance matching circuit 106 matches an 1imped-
ance of a load with that of a source to modify an RF signal
received via an RF cable, e.g., the RF cable 130, etc., from
an RF generator to generate an RF signal and sends the
modified RF signal via the RF transmission line 132 to the
chuck 152. When process gas 1s supplied within the plasma
chamber 111 and the modified RF signal 1s received by the
chuck 152, plasma 1s generated within the plasma chamber
111. In some embodiments, when plasma 1s generated before
the modified RF signal 1s received, properties, e.g., imped-
ance, power, Irequency, etc., of the plasma are modified
upon recerving of the modified RF signal from the imped-
ance matching circuit 106.

In some embodiments, the SD module 116 determines a
statistical value trom data of a variable received tfrom one or

more of the x controller, the v controller, and the z controller.
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In a number of embodiments, a number of RF generators
other than that shown in FIG. 1 are used. For example, the
plasma system 100 includes two RF generators or four RF
generators.

It should further be noted that in some embodiments,
instead of recerving values of one or more variables from the
X, v, and/or z controllers, the host controller 150 receives the
values from one or more sensors. The x, y, and/or z con-
trollers do not act as intermediaries between the host con-
troller 150 and the one or more sensors.

In various embodiments, each of the variable requester
170, the variable receiver 110, the model 113, the model

value generator 115, the data amount calculator 112, the
limit crossover determination module 114, the statistical

determination module 116, the switch module 180, the data

deletion module 120, the RF control block 197, and the
sender 174 are implemented as separate processors. For
example, the variable requester 170 1s implemented as one
processor and the data amount calculator 112 i1s 1mple-
mented as another processor.

In a number of embodiments, one or more of the variable
requester 170, the varniable receiver 110, the model 113, the
model value generator 115, the data amount calculator 112,
the limit crossover determination module 114, the statistical
determination module 116, the switch module 180, the data
deletion module 120, the RF control block 197, and the
sender 174 are implemented as one processor and any
remaining of the variable requester 170, the variable receiver
110, the model 113, the model value generator 115, the data
amount calculator 112, the limit crossover determination
module 114, the statistical determination module 116, the
switch module 180, the data deletion module 120, the RF
control block 197, and the sender 174 are implemented as
another processor.

In some embodiments, istead of grounding the upper
clectrode 154, the upper electrode 154 1s provided RF
power. In various embodiments, instead of grounding the
upper electrode 154, the lower electrode of the chuck 152 1s
grounded and the RF transmission line provided RF power
to the upper electrode 154.

In various embodiments, a statistical value 1s stored 1n a
storage device of the SD module 116. A size of the storage
device of the SD module 116 1s less than a si1ze of the storage
device of the vanable receiver 110. For example, the storage
device of the SD module 116 includes a single memory
location and the storage device of the variable recerver 110
includes multiple memory locations. As another example,
the storage device of the SD module 116 includes a lower
number of memory locations than that of the storage device
of the variable receiver 110.

It should be noted that in some embodiments, the host
controller 150 1ncludes a number of processors, e.g., one,
two, three, etc., to generate a statistical value and to control
the plasma chamber 111 and the number of processors 1s
cost-eflective. For example, instead of using a separate
processor or a separate server to control the plasma chamber
111, e.g., use one processor to control a temperature within
the plasma chamber 111, use another processor to control a
gap within the plasma chamber 111, use another processor to
control a pressure within the plasma chamber 111, use yet
another processor to control a frequency of a signal received
by the plasma chamber 111, use still another processor
control a power of the signal, or a combination thereof, etc.,
one processor 1s used to generate a statistical value and to
control the plasma chamber 111. The processor controls the
plasma chamber 111 based on a statistical value.
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Examples of controlling the plasma chamber 111 include
changing a frequency of an RF signal that 1s generated by an
RF generator, or changing a power of the RF signal, or
changing a temperature within the plasma chamber 111, or
changing a gap within the plasma chamber 111, or changing
a pressure within the plasma chamber 111, or a combination
thereof.

In some embodiments, a processor of the host controller
150 controls a gas supply valve (not shown) that facilitates
supply of a gas from a gas reservoir (not shown) to gas inlets
of the upper electrode 154. For example, a processor of the
host controller 150 controls a driver, e¢.g., a transistor, a
group ol transistors, etc., that supplies a current to open or
close the gas supply valve by an amount to control a supply
ol a gas, e.g., the process gas, etc., to the plasma chamber
111. The control of the supply also allows the processor to
control the pressure within the plasma chamber 111 1n which
the gas 1s supplied.

In various embodiments, the upper electrode 154 1s raised
up or down using a motor-driven screw mechanism (not
shown). A processor of the host controller 150 controls the
motor-driven screw mechanism via a driver, e.g., a transis-
tor, a group of transistors, etc., to move the upper electrode
154 up or down to control, e.g., change, increase, decrease,
etc., a gap between the upper electrode 134 and the chuck
152.

In several embodiments, a heater 1s included within the
chuck 152 and the heater 1s controlled by a processor of the
host controller 150 via a driver, e.g., a transistor, a group of
transistors, etc., to control, e.g., change, increase, decrease,
etc., temperature within the plasma chamber 111.

In a number of embodiments, a heat transfer mechanism,
¢.g., a duct, etc., 1s provided within the plasma chamber 111
and a flow of a cooling liquid 1s controlled by a processor of
the host controller 150 via a valve and a dniver, e.g., a
transistor, a group of transistors, etc., to control temperature
within the plasma chamber 111.

FIG. 2 1s a diagram of an embodiment of a plasma system
151 for generating a statistical value of a variable. The
plasma system 151 includes the plasma chamber 111, the
impedance matching circuit 106, the x, y, and z MHz RF
generators, and a host system 190. The host system 190
includes a host controller 192.

In some embodiments, the plasma system 151 1s the same
as the plasma system 100 (FIG. 1) except that the plasma
system 151 1ncludes the host system 190 instead of the host
system 140 (FIG. 1). For example, the plasma system 151 1s
structurally the same as the plasma system 100 (FIG. 1)
except that the plasma system 151 includes the host con-
troller 192 instead of the host controller 150 (FIG. 1).

The host controller 192 1s the same as the host controller
150 (FIG. 1) except that the host controller 192 includes a
bias compensation module 196, an event detection module
198, and a communication block 191. The RF control block
197 1s connected to the bias compensation module 196 and
the event detection module 198. The SD module 116 1s
connected to the bias compensation module 196 and the
event detection module 198.

The bias compensation module 196 determines whether a
statistical value of a vanable that 1s received from the RF
control block 197 or from the SD block 116 1s within a
pre-determined range, which i1s pre-stored 1 a storage
device of the bias compensation module 196.

In some embodiments, the bias compensation module 196
has a multiple pre-determined ranges for multiple statistical
values of a variable. For example, a storage device of the
bias compensation module 196 stores a first pre-determined
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range for a statistical value of a variable that 1s generated
from data of the variable received from the x controller. As
another example, a storage device of the bias compensation
module 196 stores a second pre-determined range for a
statistical value of a variable that 1s generated from data of
the vanable received from the y controller. In various
embodiments, the first pre-determined range 1s the same as
the second pre-determined range. In some embodiments, the
first pre-determined range 1s different from the second
pre-determined range.

Upon determining that a statistical value of a vanable 1s
within a pre-determined range, the bias compensation mod-
ule 196 sends the statistical value to the sender 174, which
sends the statistical value via one or more communications
links to corresponding one of the x, y, and z controllers. On
the other hand, upon determining that a statistical value of
a variable 1s not within a pre-determined range, the bias
compensation module 196 adjusts, e.g., modifies, alters,
increases, decreases, tunes, etc., the statistical value to be
within the pre-determined range and provides the adjusted
statistical value to the sender 174.

The sender 174 sends the adjusted statistical value of a
variable via one or more communication channels to corre-
sponding one or more of the x, y, and z controllers.

A controller of an RF generator receives an adjusted
statistical value of a varniable from the sender 174 via a
communication channel that couples the controller to the
sender 174 and provides the adjusted statistical value to an
RF supply of the RF generator. For example, the x controller
receives an adjusted statistical value of a vanable and
provides the adjusted statistical value to the RF supply 186.
An RF supply of an RF generator generates an RF signal,
c.g., an RF signal 155, etc., that includes the adjusted
statistical value. For example, the RF signal 153 has a power
of the adjusted statistical value. As another example, the RF
signal 155 has a frequency of the adjusted statistical value.

In a manner similar to that described above, the imped-
ance matching circuit 106 receives one or more RF signals
from corresponding one or more RF cables that are coupled
to corresponding one or more of the x, y, and z MHz RF
generators. The impedance matching circuit 106 generates a
modified RF signal based on the one or more RF signals
received and sends the modified RF signal via the RF cable
132 to the chuck 152. Based on the modified RF signal
received, plasma 1s generated within the plasma chamber
111 or when plasma 1s already generated at the time of
receipt of the modified RF signal, properties of the plasma
are modified based on the modified RF signal.

The event detection module 198 receives a statistical
value of a vanable from the RF control block 197 or from
the SD module 116 and determines whether the statistical
value 1s within a pre-determined extent, which 1s pre-stored
in a storage device of the event detection module 198. In
some embodiments, a pre-determined extent 1s the same as
a pre-determined range. In various embodiments, a pre-
determined extent 1s a range diflerent {from a pre-determined
range.

In some embodiments, the event detection module 198
has a multiple pre-determined extents for multiple statistical
values of a vanable. For example, a storage device of the
event detection module 198 stores a first pre-determined
extent for a statistical value of a vanable that 1s generated
from data of the variable received from the x controller. As
another example, a storage device of the event detection
module 198 stores a second pre-determined extent for a
statistical value of a variable that 1s generated from data of
the varniable received from the y controller. In various
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embodiments, the first pre-determined extent 1s the same as
the second pre-determined extent. In some embodiments, the
first pre-determined extent i1s different from the second
pre-determined extent.

Upon determining that a statistical value of a variable 1s
within a pre-determined extent, a fault signal 1s not gener-
ated by the event detection module 198. On the other hand,
upon determining that a statistical value of a variable 1s
outside a pre-determined extent, a fault signal 1s generated
by the event detection module 198 and provided to the
sender 174.

The sender 174 sends a fault signal via one or more
communication channels to corresponding x, y, and z con-
trollers. For example, the sender 174 sends a fault signal via
a communication channel 202 to the x controller and sends
a fault signal via a communication channel to the y control-
ler.

A controller of an RF generator receives a fault signal and
responds to the fault signal. For example, a controller of an
RF generator sends a signal to an RF supply of the RF
generator to pause generation of an RF signal for sending to
the impedance matching circuit 106. As another example, a
controller of an RF generator sends a signal to an RF supply
of the RF generator to pause generation of an RF signal for
sending to the impedance matching circuit 106 until an
adjusted statistical value that 1s compensated for bias 1is
received via the sender 174 from the bias compensation
module 196.

In some embodiments, the event detection module 198
sends a fault detection signal via the communication block
191 to a remote computer system for notifying the remote
computer system of a fault 1n a statistical value of a variable.
Examples of a communication block 191 include a network
interface controller, such as, for example, a network inter-
face adapter or a network interface card.

Examples of the remote computer system include a com-
puter, a server, a processor, a cell phone, a smart phone, a
tablet, etc., which 1s operated by a user. The user views the
notification on a display device, e.g., a cathode ray tube
display, a liquid crystal display device, a light emitting diode
display device, a plasma display device, etc., of the remote
computer system and decides to take action to resolve the
fault.

In various embodiments, the SD module 116 1s connected
to the communication block 191 for sending a statistical
value of a vanable to the remote computer system.

In various embodiments, each of the vanable requester
170, the variable receiver 110, the data amount calculator
112, the model 113, the limit crossover determination mod-
ule 114, the model value generator 1135, the statistical
determination module 116, the switch module 180, the data
deletion module 120, the bias compensation module 196, the
event detection module 198, the RF control block 197, the
sender 174, and the communication block 191 are imple-
mented as separate processors. For example, the variable
requester 170 1s implemented as one processor and the data
amount calculator 112 1s implemented as another processor.

In a number of embodiments, one or more of the variable
requester 170, the vanable receiver 110, the data amount
calculator 112, the model 113, the limit crossover determi-
nation module 114, the model value generator 115, the
statistical determination module 116, the switch module
180, the data deletion module 120, the bias compensation
module 196, the event detection module 198, the RF control
block 197, the sender 174, and the communication block 191
are 1mplemented as one processor and any remaining of the
variable requester 170, the vanable receiver 110, the data
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amount calculator 112, the model 113, the limit crossover
determination module 114, the model value generator 115,
the statistical determination module 116, the switch module

180, the data deletion module 120, the bias compensation
module 196, the event detection module 198, the RF control
block 197, the sender 174, and the communication block 191

are 1implemented as another processor.

In some embodiments, the host controller 192 excludes
the data deletion module 120 and the switch 180. In these
embodiments, no decimation is performed in the host system
190. In these embodiments, all values of a variable are stored
within one or more storage devices of the host system 190,
or sent to the remote computer system for storage via the
communication block 191, or sent for storage via the com-
munication block 191 to a virtual machine, etc.

FIG. 3 1s a diagram of an embodiment of a host system
400, which 1s an example of the host system 190 (FIG. 2).
The host system 400 includes a field programmable gate

array (FPGA) 402 and a microprocessor 404. It should be
noted that instead of the FPGA 402, any other integrated
circuit, e.g., an ASIC, etc., may be used. Moreover, instead
of the microprocessor 404, any other integrated circuit, e.g.,
FPGA, ASIC, etc., may be used.

The FPGA 402 includes a multiple senial parallel interface
(SPI) (MSPI) 406, which includes one or more PSPIs. The
MSPI 406 includes 27 pins, which includes 9 pins each for
a PSPI. For example, the MSPI 406 includes a PSPI that 1s
connected to the x controller, a PSPI that 1s connected to the
y controller, and a PSPI that 1s connected to the z controller
(FI1G. 2). The MSPI 406 receives data, e.g., power read back
from serial data output (SDO) ports of the x, vy, and z
controllers, frequency read back from SDO ports of the x, v,
and z controllers, real portion of plasma impedance read
back from SDO ports of the X, vy, and z controllers, imaginary
portion of plasma impedance read back from SDO ports of
the X, y, and z controllers, and other variables, etc., from the
PSPIs of the x, y, and z controllers, and sends the data to a
soft-core digital signal processor (DSP) 408 and/or to a
high-speed port 410.

The soft-core DSP 408 includes the model 113 and the
model value generator 115. For example, the FPGA 402
implements an electrical circuit that includes electrical com-
ponents, e.g., capacitors, or inductors, etc., of the RF trans-
mission line 132. Moreover, the FPGA 402 connects the
components within the electrical circuit in the same manner,
¢.g., serial, parallel, etc., as that in which electrical compo-
nents of the electrical circuit of the RF transmission line 132
are connected.

Data of varniables received by the MSPI 406 are sent from
the MSPI 406 to the soft-core DSP 408. The model value
generator 115 of the soft-core DSP 408 generates values of
variables at an output of the model 113 based on values
received from the MSPI 406 and sends the generated values
via the high-speed port 410 and a high-speed bus 412 to a
high-speed bus port 415 of the microprocessor 404.
Examples of a high-speed bus include a bus that transfers
data at 500 MHz, or at 400 MHz, or at 300 MHz, or at 600
MHz, or between 5 MHz and 500 MHz, etc. Data of
variables 1s communicated via the high-speed port 415 to an
SDD logic block 416, which 1s an example of the SDD 172
(FI1G. 2).

In some embodiments, a logic block 1s a computer pro-
gram that 1s executed by one or more processors, €.g., the
SDD logic block 416 1s executed by the microprocessor 404.
In several embodiments, a logic block 1s implemented as
hardware within an integrated circuit. In various embodi-
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ments, a logic block 1s implemented as a combination of a
computer program and hardware.

The SDD logic block 416 applies a statistical transior-
mation to data of variables received via the high-speed port
415 from the soft-core DSP 408 to generate a statistical
value. For example, the SDD logic block 416 generates a
mean, or a median, or a mode, or a standard deviation, or a
maximuim, or a minimum, or an interquartile range (IQR),
etc., from data of variables received via the high-speed port
415 from the soft-core DSP 408 to generate a statistical
value. As another example, the SDD logic block 416 gen-
erates a moving mean of multiple values of power received
from the soft-core DSP 408. As vet another example, the
SDD logic block 416 generates a moving median of multiple
values of a real portion of plasma impedance recerved from
the soft-core DSP 408. As another example, the SDD logic
block 416 generates a moving IQR, or an IQR, or a maxi-
mum value, or a minimum value, or a mean value, or a
median value, or a variance, or a standard deviation, or a
moving mean, or a moving median, or a moving variance, or
a moving standard deviation, or a mode, or a moving mode,
or a combination thereof, etc., from data values of variables
from the soft-core DSP 408 to generate a statistical value.

In a number of embodiments, the SDD logic block 416
deletes one or more values of a variable received over a time
window except for a statistical value of the variable. For
example, the SDD logic block 416 erases, from a storage
device, within the host system 400, values of imaginary
portion of plasma impedance except for a median of the
values. As another example, the SDD logic block 416 erases,
from a storage device, within the host system 400, values of
frequency except for a mode of the values.

In some embodiments, no decimation 1s performed 1n the
host system 400. In these embodiments, all values of a
variable are stored within one or more storage devices of the
host system 400, or sent to the remote computer system for
storage via a VME communication block 422, or sent for
storage via the VME communication block 422 to a virtual
machine, etc. Examples of the VME communication block
422 include an Ethernet communication block, an EtherCAT
communication block, a Universal Serial Bus (USB) port, a
network interface controller, a serial port, and a parallel port.
The VME communication block 1s an example of the
communication block 191 (FIG. 2).

A bias compensation module 418, which 1s an example of
the bias compensation module 196 (FIG. 2), determines an
amount of bias based on a statistical value received from the
SDD logic block 416 to compensate for the bias. For
example, upon determining that a statistical value 1s outside
a pre-determined range, the bias compensation module 418
adjusts the statistical value to be within the pre-determined
range.

In some embodiments, the bias compensation module 418
provides the adjusted statistical value via the high-speed port
415, the high-speed bus 412, the high-speed port 410, the
MSPI 406, and a communication channel to a controller of
an RF generator. In various embodiments, the bias compen-
sation module 418 provides the adjusted statistical value via
the VME communication block 422 to a port, e.g., an
Ethernet port, an EtherCAT port, a USB port, a parallel port,
a serial port, etc., of an RF generator, or to a port of the
remote computer system.

The microprocessor 404 includes an event/fault detection
module 420 that detects an event, e.g., a fault, etc., at a point
within the plasma system 151 (FI1G. 2), e.g., at a point within
the plasma chamber 111, or at a point within the impedance
matching circuit 106, or at a point on the RF transmission
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line 132 (FIG. 2), or at a point within the x MHz RF
generator, or at a point within the y MHz RF generator, or
at a point within the z MHz RF generator, or at a point on
an RF cable that couples an RF generator to the impedance
matching circuit 106, etc. For example, upon determining
that a statistical value received from the SD logic bock 416
1s outside a pre-determined range, the event/Tault detection
module 420 determines that an event has occurred within the
plasma system 151 (FIG. 2). An indication of an occurrence
of the event 1s sent from the event/fault detection module
420 via the VME communication block 422 to one or more
devices, e.g., the x MHz RF generator, the y MHz RF
generator, the z MHz RF generator, the remote computer
system, etc. The event/fault detection module 420 1s an
example of the event/fault detection module 198 (FIG. 2).

FIG. 4 1s a block diagram of an embodiment of a host
system 430, which 1s another example of the host system

190 (FIG. 2). The host system 450 1s similar to the host
system 400 (FIG. 4) except that the host system 450 includes
a microprocessor 452 and an FPGA 403. The microproces-

sor 452 1s similar to the microprocessor 404 (FI1G. 3) except
that the microprocessor 452 includes a variable module 454.
Moreover, the FPGA 403 1s similar to the FPGA 402 except
that the FPGA 403 excludes the soft-core DSP 408 (FIG. 3).

The model value generator 115 of the variable module
454 receives data of one or more variables from the MSPI
406 via the high-speed port 410, the high-speed bus 412, and
the high-speed port 415. The model value generator 115 of
the variable module 454 determines data of variables at an
output of the model 113 based on data of vanables received
from the MSPI 406 and characteristics, e.g., capacitance,
impedance, etc., ol the model 113. For example, when
plasma impedance received via the MSPI 406 1s Z1 and an
impedance of elements of the RF transmission model 1s 72,
the model value generator 115 determines an impedance at
an output of the RF transmission model to be a directional
sum of Z1 and Z2. As another example, when a complex
voltage and current received via three communication chan-
nels 1s complex V&I1 and a complex voltage and current of
the RF transmission model 1s complex V&I2, the model
value generator 115 determines a complex V&I at an output
of the RF transmission model to be a directional sum of
V&I1 and V&I2.

The SDD logic block 416 receives data of variables
generated by the varniable module 454 and determines a
statistical value from the data 1n a manner similar to that
explained above. Moreover, the bias compensation module
418 recerves a statistical value from the SDD logic block
416 and determines a bias to apply to the plasma chamber
111 (FIG. 1) based on the statistical value. For example,
upon determining that a statistical value 1s outside a pre-
determined range, the bias compensation module 418
adjusts the statistical value to be within the pre-determined
range.

The bias compensation module 418 sends the adjusted
statistical value 1n a similar manner as that described above
to one or more PSPIs of one or more of the X, y, and z
controllers (FIG. 2). For example, the bias compensation
module 418 determines an adjusted statistical value of
power and an adjusted statistical value of frequency and
provides the adjusted statistical values via the high-speed
port 415, the high-speed bus 412, the high-speed port 410,
the MSPI 406, and communication channels to the x con-
troller. In some embodiments, the bias compensation module
418 sends the adjusted statistical value via the VME com-
munication block 422 to a port, e.g., an Ethernet port, an
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EtherCAT port, a USB port, a parallel port, a serial port, etc.,
of an RF generator or to a port of the remote computer
system.

The event/fault detection module 420 detects an event
within the plasma system 151 (FIG. 2) based on a statistical
value recerved from the SDD logic block 416. For example,
upon determining that the statistical value i1s outside a
pre-determined extent, the event/fault detection module 420
determines that an event has occurred within the plasma
system 151. The statistical value 1s generated from data of
variables that 1s generated by the variable module 454.

An indication of the occurrence of the event 1s sent from
the event/fault detection module 420 via the VME commu-
nication block 422 to one or more devices, e.g., the remote
computer system, the x MHz RF generator, the y MHz RF
generator, the z MHz RF generator, etc. The user views the
indication on the display device of the remote computer
system and may decide to take action to resolve the fault.

FIG. 5 1s a diagram of an embodiment of a storage device
500 for illustrating use of pointers to access a memory
location. The storage device 500 1s within the variable
receiver 110 (FIGS. 1 & 2). In some embodiments, the
storage device 500 1s within the data amount calculator 112,
or the limit crossover determination module 114, or the SD
module 116.

The storage device 500 includes a memory array 1 and a
memory array 2. The memory array 1 stores data of a
variable and the memory array 2 stores memory memory
array 1 stores data of a variable and the memory array 2
stores memory addresses of locations within the memory
array 1. Examples of data of a vaniable 1s shown as index 0,
index 1, index 2, index 3, and index 4.

As shown, data of a wvariable 1s received within the
memory array 1 and stored in memory addresses 0x0, 0x1,
0x2, 0x3, and 0x4. When data of a variable 1s received
within the memory array 1, pointer to the data 1s generated
within the memory array 2 by a processor, €.g., a processor
of the data amount calculator 112, or a processor of the limait
crossover determination module 114, or a processor of the
SD module 116, etc. A 0x0 pointer 1s stored 1n a memory
address 0x5 and points to the value index 0. A 0x1 pointer
1s stored 1n a memory address 0x6 and points to the value
index 1. Moreover, a 0x2 pointer 1s stored 1n a memory
address 0x’7 and points to the value index 2, a Ox3 pointer 1s
stored 1n a memory address 0x8 and points to the value index
3, and a 0x4 pointer 1s stored 1n a memory address 0x9 and
points to the value index 4.

Although five values are shown 1 FIG. 5, in some
embodiments, more or less than five values are stored 1n the
memory array 1.

It should be noted that 1n some embodiments, pointers are
used to point to a memory address to access, modily, or
delete data of a variable at the memory address. In various
embodiments, a pointer 1s used to change a location of a
value within a storage device. Each location 1n a storage
device, e.g., a memory array, a group ol memory arrays, etc.,
1s 1dentified by a memory address.

FIG. 6 1s a diagram of an embodiment of an sertion sort
operation. Data of a variable 1s stored within a memory array
502, which 1s an example of the memory array 1 (FIG. 5).
For example, 1, 2, 5, 3, and 4 are values of a variable stored
within the memory array 502. In the insertion sort operation,
a comparison 1s performed between each value of the
memory array 502 and remaining values of the memory
array 502 to sort values of the memory array 302 from a
lowest of all the values to a highest of all the values. For
example, 5 1s compared with 2. It 1s determined that 5 1s
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greater than 2 and so a pointer that points to a third location
from the leit in the memory array 502 still points to the third
location. As another example, 5 1s compared with 1. It 1s
determined that 5 1s greater than 1 and so a pointer that
points to a third location from the left 1n the memory array
502 still points to the third location. As yet another example,
3 1s compared with 5 and 1t 1s determined that 3 1s lower than
5. Moreover, a pointer that points to a third location from the
left 1n the memory array 502 is changed to point to a fourth
location from the left 1n the memory array 502 and a pointer
that points to the fourth location 1s now changed to point to
the third location. In this example, 3 1s made to switch places
with 5 1n the memory array 502.

The sorting 1s performed to sort the values in the memory
array 502 from the lowest of the values to the highest of the
values to determine a minimum value and a maximum value
from the values.

Although five values are shown in FIG. 6, in some
embodiments, more or less than five values are stored 1in the
memory array 502.

FIG. 7 1s a diagram of an embodiment of three memory
arrays 304, 506, and 508 to 1llustrate a merge sort operation.
The memory arrays 504, 506, and 508 are parts of a storage
device 510. The storage device 510 1s within the variable
receiver 110 (FIGS. 1 & 2). In some embodiments, the
storage device 510 1s within the data amount calculator 112,
or the limit crossover determination module 114, or the SD
module 116. In various embodiments, the memory arrays
504 and 506 are within a storage device of the vanable
receiver 110 and the merged memory array 508 1s within a
storage device of the SD module 116.

The values of a vanable within the memory arrays 504
and 506 arc generated after performing an insertion sort
operation. For example, values of a variable within the
memory array 504 1s sorted from a lowest of all values
within the memory array 504 to a highest of all values 1n the
memory array 304. As another example, values of a variable
within the memory array 506 1s sorted from a lowest of all
values within the memory array 506 to a highest of all values
in the memory array 506.

Data of a variable 1s received within the memory arrays
504 and 506. During a merge sort operation, a maximum of
all values of the memory array 504 1s determined and a
minimum of all values of the memory array 506 1s deter-
mined. It 1s further determined whether the minimum value
in the memory array 506 1s greater than the maximum value
of the memory array 504.

Upon determining that the minimum value in the memory
array 306 1s not greater than the maximum value 1n the
memory array 504, each value of the memory array 504 1s
compared with each value 1n the memory array 506. On the
other hand, upon determining that the minimum value 1n the
memory array 506 1s greater than the maximum value 1n the
memory array 504, a comparison 1s not performed between
values of the memory arrays 504 and 506. In the case the
comparison 1s not performed, the merged memory array 508
that includes all values of the memory arrays 504 and 506 1s
generated. For example, values of the memory arrays 504
and 506 are written 1nto the merged memory array 508 1n an
order of the values within the memory arrays 504 and 506.

In various embodiments, a memory address of the
memory array 306 in which a value *“7” 1s stored 1s 1mme-
diately after, e.g., right next to, 1s consecutive to, etc., a
memory address of the memory array 504 in which a value
“6” 1s stored. In some embodiments, a memory address of
the memory array 506 in which the value 7 1s stored 1s
after, e.g., not right next to, within two memory addresses of,
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within a number of memory addresses of, etc., but not
immediately after a memory address of the memory array
504 1n which the value “6” 1s stored.

In various embodiments, the memory arrays 504 and 506
are separated by a number, e.g., one, two, etc., of empty
memory addresses.

It should be noted that although each memory array 504
and 506 includes six values, in some embodiments, each
memory array 304 and 506 includes a different number of
values of a variable.

In various embodiments, the merged memory array 508
has the same size, e.g., number of memory addresses, etc.,
as that of a total number of memory addresses 1n the memory
arrays 504 and 506.

FIG. 8 1s a diagram of an embodiment of a storage device
5350 to illustrate a comparison operation within a merge sort
operation. The storage device 550 includes memory arrays
552 and 554, and a merged memory array 556. The memory
arrays 552, 554, and 556 are parts of the storage device 550,
which 1s located within the vanable receiver 110 (FIGS. 1 &
2). In some embodiments, the storage device 550 1s within
the data amount calculator 112, or the limit crossover
determination module 114, or the SD module 116. In various
embodiments, the memory arrays 552 and 554 are within a
storage device of the varniable receiver 110 and the merged
memory array 556 1s within a storage device of the SD
module 116.

While performing a one-by-one comparison between val-
ues of the memory arrays 552 and 554, it 1s determined
whether a value within a memory address of the memory
array 352 1s less than a value within a memory address of the
memory array 354. For example, it 1s determined whether a
value “4” of the memory array 552 1s less than a value “3”
of the memory array 354. As another example, each value of
a variable within the memory array 352 1s compared with
cach value of a variable within the memory array 554 1n an
order ol memory addresses within the memory array 552
and 554. To further illustrate the order of comparison, a
value “1” within a memory address MA1 of the memory
array 552 1s compared with values “3”, “57, “6”, and “8” 1n
memory addresses MAS, MA6, MA7, and MAS8 of the
memory array 554. Then, a value “2” 1n a memory address
MAZ2 of the memory array 552 1s compared with values “3”,
“57, %67, and “8” 1n memory addresses MAS, MA6, MA7Y,
and MAS8 of the memory array 354. The memory address
MA1 1s lower than the memory address MA2.

Upon determining that a value within a memory address
of one of the memory arrays 5352 and 554 i1s less than a value
within a memory address of the remaining of the memory
arrays 532 and 554, 1t 1s determined to insert, e.g., write, etc.,
the lesser value into an empty memory address within the
merged memory array 556. For example, upon determining,
that the value “3” within the memory array 554 1s less than
the value “4” within the memory array 352, the value “3” 1s
written 1nto a memory address 338 of the merged memory
array 556. As another example, upon determining that the
value “4” within the memory array 552 is less than the value
“5” within the memory array 534, the value “4” 1s written
into a memory address 560 of the merged memory array 556.
The empty memory address within the merged memory
array 336 1s consecutive to an occupied memory address of
the merged memory array 556.

During a merge sort operation, after a comparison 1s
performed between values of the memory arrays 532 and
554, any value of the memory array 554 that 1s not written
into the merged array 5356 1s compared with remaining
unwritten values of the memory array 534. For example, the

10

15

20

25

30

35

40

45

50

55

60

65

22

value “5” of the memory array 554 1s compared with a value
“6” of the memory array 554. The comparison 1s performed
in an order of memory addresses of the memory array 554
that include values that are yet not written into the merged
memory array 356. For example, 1n case 1 which values
“57,¢“6”, and “8” are not written in the merged memory array
556, the value “5” within a lowest memory address from
memory addresses in which the values “57, “6”, and “8” are
stored 1n the memory array 554 1s compared with the values
“6” and “8”. The memory address of the value “6™ 1s lower
than the memory address of the value “8” 1n the memory
array 334.

During a merge sort operation, while comparing the
unwritten values, a lesser of the unwritten values 1s written
into the merged memory array 556. For example, when a
comparison 1s performed between the values “5” and “6” 1n
the memory array 554, the value *“5” 1s written into the
merged memory array 356. As another example, when a
comparison 1s performed between the values “6” and “8” 1n
the memory array 554, the value “6” 1s written into the
memory array 556. Any remaining value after the compari-
son of the unwritten values 1s written 1mto an empty address
of the merged memory array 556 that 1s consecutive to a
memory address that 1s written with a value. For example,
the value “8” of the memory array 554 i1s written into a
memory address 562 of the memory array 556.

At an end of a merge sort operation, the merged memory
array 556 1s sorted from a lowest of all values within the
memory arrays 552 and 554 to a highest of all values of the
memory arrays 352 and 554.

It should be noted that although each memory array 552
and 554 includes four values, 1n some embodiments, each
memory array 352 and 554 includes a different number of
values of a vanable.

In various embodiments, the memory arrays 552 and 554
are separated by a number, e.g., one, two, etc., of empty
memory addresses. In some embodiments, the memory
address MAS 1s consecutive to a memory address MA4 of
the memory array 3352.

In various embodiments, the merged memory array 556
has the same size as that of a total number of memory
addresses 1n the memory arrays 552 and 554.

FIG. 9 1s a diagram of an embodiment of an SD module
580, which 1s an example of the SD module 116 (FIGS. 1
and 2). The SD module 580 includes a moving IQR module,
an IQR module, an imsertion sort module, a merge sort
module, a mode module, a moving mode module, a mean
module, a median module, a variance module, a standard
deviation module, a moving mean module, a moving median
module, a moving variance module, and a moving standard
deviation module.

The moving IQR module determines a moving IQR of
values of a variable within a memory array, e.g., the memory
array 502 (FIG. 6), or the memory array 504 (FI1G. 7), or the
memory array 506 (FIG. 7), or the merged memory array
508 (FIG. 7), or the memory array 552 (FIG. 8), or the
memory array 554 (FIG. 8), or the merged memory array
556 (FIG. 8), etc. Similarly, the IQR module calculates an
IQR of values of a variable within a memory array. More-
over, the insertion sort module applies an 1nsertion sort
operation to values of a variable within a memory array. The
merge sort module applies a merge sort operation to values
of a variable within a memory array. The mode module
determines a mode of values of a variable within a memory
array. Similarly, the moving mode module determines a
moving mode of values of a variable within a memory array.
The mean module calculates an average of values of a
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variable within a memory array. The median module gen-
crates a median of values of a variable within a memory
array.

The vaniance module calculates a variance of values
within a memory array and the standard deviation module
determines a standard deviation of values within a memory
array. The moving mean module calculates a moving aver-
age of values of a variable within a memory array and the
moving median module determines a moving median of
values of a varniable within a memory array. The moving
variance module calculates a moving variance ol values
within a memory array and the moving variance module
determines a moving variance of values within a memory
array. The moving standard deviation generates a moving
standard deviation of values within a memory array.

A moving statistical value, e.g., a moving IQR value, or
a moving mode value, or a moving mean value, or a moving
median value, or a moving variance value, or a moving
standard deviation value, etc., 1s a value that dynamically
considers values of a variable as the values are being
received by a memory array, €.g., a builer of the SD module
116 (FIGS. 1 & 2), from the model value generator 115
(FIGS. 1 & 2), etc. For example, a moving average of values
“17, 27, and 5" in the memory array 502 (FIG. 6) at a time
the values “3” and “4” of the memory array 502 are not
received 1s different than a moving average of values “17,
“27, %57, “3” and “4”. As another example, a moving
standard deviation of values “17, “2”, and “3” 1n the merged
memory array 556 (FIG. 8) at a time the remaining values
“3” and “4” of the merged memory array 3556 are not
generated within the merged memory array 556 1s different
than a moving average of the values “17, <27, “3”, “3” and
“4” of the merged memory array 356.

In various embodiments, a rate of receipt of values within
a bufler of the SD module 116 from the model value
generator 1135 1s the same as the rate of receipt of values by
the varniable receiver 110 (FIGS. 1 & 2).

In some embodiments, the SD module 580 includes the
moving IQR module, or the IQR module, or the insertion
sort module, or the merge sort module, or the mode module,
or the moving mode module, or the mean module, or the
median module, or the variance module, or the standard
deviation module, or the moving mean module, or the
moving median module, or the moving variance module, or
the moving standard deviation module, or a combination
thereol. For example, the SD module 580 includes the
moving IQR module and the insertion sort module. As
another example, the SD module 580 includes the merge sort
module and the moving mean module and the moving
standard deviation module.

In various embodiments, each of the moving IQR module,
and the IQR module, and the insertion sort module, and the
merge sort module, and the mode module, and the moving,
mode module, and the mean module, and the median mod-
ule, and the variance module, and the standard deviation
module, and the moving mean module, and the moving
median module, and the moving variance module, and the
moving standard deviation module are implemented as
separate processors. For example, the moving IQR module
1s 1implemented as one processor and the mode module 1s
implemented as another processor.

In a number of embodiments, one or more of the moving
IQR module, the IQR module, the insertion sort module, the
merge sort module, the mode module, the moving mode
module, the mean module, the median module, the variance
module, the standard deviation module, the moving mean
module, the moving median module, the moving variance
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module, and the moving standard deviation module are
implemented as one processor and any remaining of the
moving IQR module, the IQR module, the insertion sort
module, the merge sort module, the mode module, the
moving mode module, the mean module, the median mod-
ule, the variance module, the standard deviation module, the
moving mean module, the moving median module, the
moving variance module, and the moving standard deviation
module are implemented as another processor.

In a number of embodiments, each of the moving IQR
module, the IQR module, the insertion sort module, the
merge sort module, the mode module, the moving mode
module, the mean module, the median module, the variance
module, the standard deviation module, the moving mean
module, the moving median module, the moving variance
module, and the moving standard deviation module 1s imple-
mented as a computer program stored 1n a non-transitory
computer-readable medium, or as hardware, or a combina-
tion of the hardware and the computer program.

In some embodiments, a mean 1s calculated 1n parallel
with performing an insertion sort operation. For example,
values of a variable are summed 1n parallel with sorting the
values from a minimum of the values to a maximum of the
values.

In several embodiments, an IQR or a median 1s deter-
mined after performing an insertion sort operation. After the
insertion sort operation 1s performed, values of a variable are
sorted from a lowest of the values to a highest of the values.
When the number of values 1s odd, a value located 1n middle
of the sorted values 1s a median. When the number of values
1s even, an average ol two values located 1n middle of the
sorted values 1s a median. The median calculated 1s used to
determine IQR.

In various embodiments, a mean 1s calculated in parallel
with performing a merge sort operation. The mean 1s cal-
culated from all values that are sorted after the merge sort
operation.

In several embodiments, an IQR or a median 1s deter-
mined after performing a merge sort operation. After the
merge sort operation 1s performed, values of a variable are
sorted from a lowest of the values to a highest of the values.
When the number of values 1s odd, a value located 1n middle
ol the sorted values 1s a median. When the number of values
1s even, an average of two values located 1 middle of the
sorted values 1s a median. The median calculated 1s used to
determine IQR.

FIG. 10 1s a diagram of an embodiment of an SD module
590, which 1s an example of the SD module 116 (FIGS. 1
and 2). The SD module 590 includes the moving IQR
module, the IQR module, the insertion sort module, the
merge sort module, the mode module, the moving mode
module, the mean module, the median module, the variance
module, the standard deviation module, the moving mean
module, the moving median module, the moving variance
module, and the moving standard deviation module.

Moreover, i the SD module 590, the merge sort module
1s connected to the moving IQR module, to the IQR module,
to the insertion sort module, to the mode module, to the
moving mode module, to the mean module, to the median
module, to the variance module, to the standard deviation
module, to the moving mean module, to the moving median
module, to the moving variance module, and to the moving
standard deviation module.

The moving IQR module calculates a moving IQR of
values within a merged memory array, e.g., the merged
memory array 508 (F1G. 7) or the merged memory array 556
(FIG. 8), etc. Similarly, the IQR module calculates an IQR
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of values within a merged memory array. Moreover, mean
module calculates a mean of values within a merged
memory array. The median module generates a median of
values within a merged memory array. The mode module
generates a mode of values within a merged memory array
and the moving mode module calculates a moving mode of
values within a merged memory array. Moreover, the vari-
ance module calculates a variance of values within a merged
memory array. The standard deviation module determines a
standard deviation of values within a merged memory array
and the moving mean module calculates a moving mean of
values within a merged memory array. The moving median
module determines a moving median of values within a
merged memory array and the moving variance module
calculates a moving variance of values within a merged
memory array. The moving standard deviation module gen-
crates a moving standard deviation of values within a
merged memory array.

In some embodiments, the SD module 590 includes the
moving IQR module, or the IQR module, or the insertion
sort module, or the merge sort module, or the mode module,
or the moving mode module, or the mean module, or the
median module, or the variance module, or the standard
deviation module, or the moving mean module, or the
moving median module, or the moving variance module, or
the moving standard deviation module, or a combination
thereof.

FIG. 11 1s a diagram of an embodiment of a system 601
for applying a time slice sampling method. The system 601
includes the bias compensation module 196 and the event
detection module 198. The bias compensation module 196
and/or the event detection module 198 receives a time of
generation of a value of a variable from the SD module 116
(FIGS. 1 & 2). For example, a time t1 1s a time of generation
of a variable value V21 by the SD module 116. As another
example, a time t2 1s a time of generation of a variable value
V22 by the SD module 116, a time t3 1s a time of generation
of a variable value V23 by the SD module 116, and a time
t4 1s a time of generation of a variable value V24 by the SD
module 116. As yet another example, a time t5 1s a time of
generation of a variable value V25 by the SD module 116
and of generation of a variable value V11 by the SD module
116. The times t1 thru t5 are calculated by the SD module
116. In some embodiments, the time t1 1s a time of genera-
tion of the variable value V15 and of the variable V21.

In some embodiments, Variable values V11, V12, V13,
V14, and V15 are values of a first variable, which 1s variable
1. Vanable values V21, V22, V23, V24, and V25 are values
of a second variable, which 1s variable 2. The variable 1 1s
different from the variable 2. For example, the variable 1 1s
power and the variable 2 1s voltage. As another example, the
variable 1 1s current and the variable 2 1s voltage.

In various embodiments, the variable 1 and the variable 2
are the same variable and generated based on values from
different RF generators. For example, the varniable 1 1s
generated from voltage values of the x MHz RF generator
and the variable 2 1s generated from voltage values of the y
MHz RF generator. As another example, the vanable 1 1s
generated from frequency values of the y MHz RF generator
and the variable 2 1s generated from frequency values of the
7z MHz RF generator.

The variables V11 thru V15 are stored in a memory array,
¢.g., an 1nsertion sorted array, a merged array, etc., of the SD
module 116 (FIGS. 1 & 2). For example, the variable values
V11 thru V15 are sorted from a lowest of the values to a
highest of the values. In this example, V11 1s the lowest
value and V13 1s the highest value. Moreover, the variables
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V21 thru V25 are stored in a memory array, €.g., an isertion
sorted array, a merged array, etc., of the SD module 116
(FIGS. 1 & 2). For example, the variable values V21 thru
V23 are sorted from a lowest of the values to a highest of the
values. In this example, V21 i1s the lowest value and V25 1s
the highest value. Also, the times t1 thru t5 are stored 1n a
memory array 607 of the bias compensation module 196
and/or of the event detection module 198. The times t1 thru
t5 are received by the bias compensation module 196 and/or
the event detection module 198 from the SD module 116 for
storage 1n the memory array 607.

The bias compensation module 196 determines whether
the time t1 of generation of the variable value V21 is the
same as that of the time of generation of the variable value
V15. Upon determining that the time t1 of generation of the
variable value V21 1s the same as that of the varniable value
V15, the variable values V21 and V15 are used to determine
whether a bias exists 1n a plasma system. For example, upon
determining that the varnable value V21 i1s outside a pre-
determined range and the variable value V15 1s outside a
pre-determined range, it 1s determined that a bias exists. In
this example, both the values V15 and V21 are adjusted by
the bias compensation module 196 for bias to generate
adjusted statistical values. As another example, upon deter-
mining that the variable value V21 1s within a pre-deter-
mined range and the variable value V15 1s within a pre-
determined range, 1t 1s determined that a bias does not exist
within a plasma system. As yet another example, upon
determining that the vanable value V21 1s within a pre-
determined range and the variable value V15 1s outside a
pre-determined range, 1t 1s determined that a bias does not
exist or that a bias exists within a plasma system.

Similarly, the bias compensation module 196 determines
whether the time t5 of generation of the variable value V23
1s the same as that of the time of generation of the variable
value V11. Upon determining that the time tS of generation
of the vaniable value V23 i1s the same as that of the vanable
value V11, the variable values V25 and V11 are used to
determine whether a bias exists 1n a plasma system.

Moreover, 1n some embodiments, the event detection
module 198 determines whether the time t1 of generation of
the varniable value V21 1s the same as that of the time of
generation of the variable value V15. Upon determining that
the time t1 of generation of the vaniable value V21 1s the
same as that of the variable value V15, the variable values
V21 and V15 are used to determine whether a fault exists in
a plasma system. For example, upon determiming that the
variable value V21 1s outside a pre-determined extent and
the variable value V13 is outside a pre-determined extent, 1t
1s determined that a fault exists. As another example, upon
determining that the variable value V21 1s within a pre-
determined extent and the variable value V13 1s within a
pre-determined extent, 1t 1s determined that a fault does not
exist within a plasma system. As yet another example, upon
determining that the vanable value V21 1s within a pre-
determined extent and the variable value V15 1s outside a
pre-determined extent, it 1s determined that a fault does not
exist or that a fault exists within a plasma system.

Similarly, the event detection module 198 determines
whether the time t5 of generation of the variable value V23
1s the same as that of the time of generation of the variable
value V11. Upon determining that the time tS of generation
of the vaniable value V23 i1s the same as that of the vanable
value V11, the variable values V25 and V11 are used to
determine whether a fault exists 1n a plasma system

FIG. 12 1s a block diagram of an embodiment of an SD
module 600 that 1s used to generate a moving variance 602.
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The SD module 600 includes a number of adders Al, A2,
A3, A4, and AS, a multiplier MU1, dividers D1 and D2, and
a square root calculator SQRT1. The SD module 600 1s an
example of the SD module 116 (FIGS. 1 & 2).

The SD module 600 includes a current mean calculator,
which calculates a current mean of values of a variable
within a memory array, €.g., the memory array 302 (FIG. 6),
or the memory array 504 (FIG. 7), or the memory array 506
(FIG. 7), or the merged memory array 508 (FIG. 7), or the
memory array 352 (FIG. 8), or the memory array 354 (FIG.
8), or the merged memory array 356 (FIG. 8), etc. Also, for
a current data point X 1n a memory array, €.g., a value in a
memory array, a value 1n a merged memory array, etc., from
which the current mean 1s calculated, the current mean 1s
subtracted by the adder Al from the current data point to
generate a delta value of a variance. The adder A2 adds the
delta value with the current mean to generate a result and the
result 1s divided by a total number of data points n within a
memory array from which the current mean value 1s gener-
ated. A data point calculator calculates the total number of
data points. The division of the result by the total number of
data points 1s performed by the divider D1 to generate a next
mean value of a variable. In some embodiments, the next
mean value 1s a statistical value.

The next mean value 1s subtracted by the adder A4 from
the current data point X to generate an outcome and the
outcome 1s multiplied by the multiplier MU1 with the delta
value to generate a consequence. The consequence 1s added
by the adder A5 to a current instantancous mean M2 to
generate a next istantancous mean M2. In some embodi-
ments, the next instantaneous mean M2 1s a statistical value.

The next mnstantaneous value M2 is divided by the divider
D2 by a number that 1s one less than the total number of data
points 1n a memory array to generate the moving variance
602. In various embodiments, the moving variance 602 1s a
statistical value.

A square root of the moving variance 602 1s calculated by
the square root calculator SQRT1 to generate a moving
standard deviation 604. In several embodiments, the moving
standard deviation 604 1s a statistical value.

It should be noted that for each different value i a
memory array, the next mean value, the next instantaneous
mean, and the moving variance 602 1s diflerent. The moving
variance 602 changes with a change 1n value within a
memory array.

A pseudo code for generating the moving variance 602 1s
provided below:

def online variance(data):
n=~0
current mean = 0
M2 =0
for x 1n data:
n=n+1
delta = x — current mean
next mean = (current mean + delta)/n
next instantaneous mean M2 = current mnstantaneous mean M2 +
delta® (x — next mean)
moving variance = next imstantaneous mean M2/(n - 1)
refurn moving variance.

In the pseudo code, the total number of data points n, the
current mean, and the current instantaneous mean are 1ni-
tialized to zero.

FIG. 13 1s a flowchart of an embodiment of a method 700
for generating a statistical value. In the method 700, a
variable 1s mput from an RF system e.g., the x controller, or
the y controller, or the z controller, or a combination thereof,
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etc., to a host controller, e.g., the host controller 150 (FIG.
1), or the host controller 192 (FIG. 2), etc. The varniable 1s
propagated, 1 an operation 702, through the model 113
(FIGS. 1-4). For example, a directional sum 1s calculated. In
this example, the directional sum 1s a sum of a value of the
variable and values of components of the model 113 through
which the value of the vaniable i1s propagated. In some
embodiments, the operation 702 1s performed by the model
value generator 115 (FIGS. 1-4).

The method 700 further includes an operation 704 of
counting an output of the model 113 for the varniable. For
example, a number of values that are generated after propa-
gating the variable through the model 113 1s counted. The
values are generated at the output of the model 113 and are
calculated by the data amount calculator 112 (FIGS. 1 & 2).
In some embodiments, the output of the model 113 that 1s
counted includes a directional sum.

In an operation 706 of the method 700, it 1s determined by
the limit crossover determination module 114 whether the
count meets a count threshold, which is a pre-stored number
of values that 1s stored in a storage device of the limait
crossover determination module 114. The counting of opera-
tion 704 continues when the count does not meet, e.g., 1s less
than, etc., the count threshold. On the other hand, when the
count meets, e.g., exceeds, 1s greater than or equal to, etc.,
the count threshold, 1n an operation 708, a statistical value
1s generated from the output of the model 113 that 1is
calculated by the model value generator 115. For example,
a statistical value 1s generated from directional sums of
values.

A statistical value 1s generated by the SD module 116
(FIGS. 1 & 2). The statistical value 1s sent, 1n an operation
710, by the sender 174 (FIGS. 1 & 2) to the RF system to
adjust the varniable. For example, the statistical value 1s sent
to the X, y, and/or z controllers to generate an RF signal
based on the statistical value.

It 1s noted that although the above-described embodi-
ments are described with reference to parallel plate plasma
chamber, 1n one embodiment, the above-described embodi-
ments apply to other types of plasma chambers, e.g., a
plasma chamber including an inductively coupled plasma
(ICP) reactor, a plasma chamber including an electron-
cyclotron resonance (ECR) reactor, etc. For example, the x
MHz, v MHz, and z MHz RF generators are coupled to an
inductor within the ICP plasma chamber.

In some embodiments, a kilohertz (kHz) RF generator 1s
used instead of a MHz RF generator. For example, instead
of the x MHz RF generator, a 400 kHz RF generator 1s used.

In various embodiments, a MHz RF generator has a
frequency of operation in MHz and a kHz RF generator has
a Irequency of operation 1n kHz.

Some embodiments described herein are practiced with
various computer system configurations including hand-held
devices, microprocessor systems, microprocessor-based or
programmable consumer electronics, minicomputers, main-
frame computers and the like. Some of the embodiments
described herein are practiced in distributed computing
environments where tasks are performed by remote process-
ing devices that are linked through a network.

With the above embodiments 1n mind, 1t should be under-
stood that some of the embodiments described herein
employ various computer-implemented operations mvolv-
ing data stored 1 computer systems. These operations are
those requiring physical manipulation of physical quantities.
Any of the operations described herein that form part of the
embodiments are useful machine operations. Some of the
embodiments described herein also relate to a device or an
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apparatus for performing these operations. In some embodi-
ments, the apparatus 1s specially constructed for a special
purpose computer. When defined as a special purpose com-
puter, the computer performs other processing, program
execution or routines that are not part of the special purpose,
while still being capable of operating for the special purpose.
In various embodiments, the operations are processed by a
general purpose computer selectively activated or config-
ured by one or more computer programs stored in the
computer memory, cache, or obtained over a network. When
data 1s obtained over a network, the data 1s processed by
other computers on the network, e.g., a cloud of computing
resources.

Some of the embodiments are fabricated as computer-
readable code on a non-transitory computer-readable
medium. The non-transitory computer-readable medium 1s
any data storage device that can store data, which can be
thereafter be read by a computer system. Examples of the
non-transitory computer-readable medium include hard
drives, network attached storage (NAS), ROM, RAM, com-
pact disc-ROMs (CD-ROMs), CD-recordables (CD-Rs),
CD-rewritables (CD-RWs), magnetic tapes and other optical
and non-optical data storage devices. In some embodiments,
the non-transitory computer-readable medium 1ncludes
computer-readable tangible medium distributed over a net-
work-coupled computer system so that the computer-read-
able code 1s stored and executed 1n a distributed fashion.

Although the method operations were described i a
specific order, 1t should be understood that 1n some embodi-
ments, other housekeeping operations are performed in
between operations, or operations are adjusted so that they
occur at slightly different times, or are distributed 1n a
system which allows the occurrence of the processing opera-
tions at various intervals associated with the processing, as
long as the processing of the overlay operations are per-
formed 1n the desired way.

In some embodiments, one or more features from any
embodiment are combined with one or more features of any
other embodiment without departing from the scope
described 1n various embodiments described 1n the present
disclosure.

Although the {foregoing embodiments have been
described in some detail for purposes of clarity of under-
standing, it will be apparent that certain changes and modi-
fications can be practiced within the scope of the appended
claims. Accordingly, the present embodiments are to be
considered as 1llustrative and not restrictive, and the
embodiments are not to be limited to the details given
herein, but may be modified within the scope and equiva-
lents of the appended claims.

What 1s claimed 1s:

1. A controller comprising:

logic configured to:

receive a variable from a radio frequency (RF) genera-
tor;

propagate the variable through a model of at least one
of an RF cable, an impedance matching circuit, an
RF transmission line, and an electrode;

count the variable an output of the model to generate a
count;

determine whether the count meets a count threshold;

generate a statistical value of the variable at the output
of the model upon determiming that the count meets
the count threshold; and

send the statistical value to the RF generator to adjust
the variable; and

a memory device configured to store the model.
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2. The controller of claim 1, wherein the variable includes
power, or frequency, or a voltage magnitude, or a current
magnitude, or a phase between a complex voltage and a
complex current, or a complex current, or a complex volt-
age, or a combination thereof.

3. The controller of claim 1, wherein the model 1s a
computer-generated model, wherein to propagate the vari-
able through the model, the logic 1s configured to generate
a directional sum of a value of the variable and of variable
values associated with components of the model.

4. The controller of claim 1, wherein multiple values of
the variable are generated at the output of the model to
generate the count.

5. The controller of claim 4, wherein the statistical value
includes a moving interquartile range of the values, or an
interquartile range of the values, or a maximum of the
values, or a minimum of the values, or a mean of the values,
or a median of the values, or a variance of the values, or a
standard deviation of the values, or a moving mean of the
values, or a moving median of the values, or a moving
variance of the values, or a moving standard deviation of the
values, or a mode of the values, or a moving mode of the
values, or a combination thereof.

6. A controller comprising:

logic configured to:

receive data associated with a variable from a radio
frequency (RF) generator;

generate values at an output of a computer-generated
model based on the received data, wherein the com-
puter-generated model 1s generated based on at least
one of an RF cable, an impedance matching circuit,
an RF transmission line, and an electrode;

count an amount of the values output from the com-

puter-generated model;

determine whether the amount exceeds a count thresh-
old;

generate a statistical value from the values output from
the computer-generated model 1n response to deter-
mimng that the amount exceeds the count threshold;

send the statistical value to the RF generator to adjust
an RF signal generated by the RF generator; and

a memory device configured to store the computer-gen-

crated model.

7. The controller of claim 6, wherein the variable includes
power, or frequency, or a voltage magnitude, or a current
magnitude, or a phase between a complex voltage and a
complex current, or a complex current, or a complex volt-
age, or a combination thereof.

8. The controller of claim 6, wherein the impedance
matching circuit matches an impedance of a source with that
of a load, wherein the source 1includes the RF generator and
the RF cable, wherein the load includes a plasma chamber
and the RF transmission line.

9. The controller of claam 6, wherein the electrode 1s a
lower electrode of a plasma chamber, wherein the plasma
chamber 1ncludes an upper electrode and a chuck facing the
upper electrode, wherein the chuck includes the lower
clectrode.

10. The controller of claim 6, wherein the wvariable
includes a complex voltage and current at a point on the RF
cable between the RF generator and the impedance matching
circuit.

11. The controller of claim 6, wherein the amount includes
a number of the values, wherein the statistical value includes
a moving interquartile range of the values, or an interquartile
range of the values, or a maximum of the values, or a
minimum of the values, or a mean of the values, or a median
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of the values, or a variance of the values, or a standard
deviation of the values, or a moving mean of the values, or
a moving median of the values, or a moving variance of the
values, or a moving standard deviation of the values, or a
mode of the values, or a moving mode of the values, or a
combination thereof.

12. The controller of claim 6, wherein the logic 1s con-
figured to decimate the data received after generating the
statistical value.

13. A controller comprising:

logic configured to:

receive data associated with a variable from a radio
frequency (RF) generator;

generate values at an output of a computer-generated
model based on the received data, wherein the com-
puter-generated model 1s generated based on at least
one of an RF cable, an impedance matching circuit,
an RF transmission line, and an electrode;

count an amount of the values output from the com-
puter-generated model;

determine whether the amount exceeds a threshold;

generate a statistical value from the values output from
the computer-generated model 1n response to deter-
mining that the amount exceeds the threshold;

determine whether the statistical value 1s outside a
pre-determined range;

adjust the statistical value to be within the pre-deter-
mined range i1n response to determiming that the
statistical value 1s outside the pre-determined range,
wherein the statistical value 1s adjusted to generate
an adjusted statistical value; and

send the adjusted statistical value to the RF generator to
control the RF generator to adjust an RF signal
produced by the RF generator; and

a memory device configured to store the computer-gen-

erated model.

14. The controller of claim 13, wherein the wvariable
includes power, or frequency, or a voltage magnitude, or a
current magnitude, or a phase between a complex voltage
and a complex current, or a complex current, or a complex
voltage, or a combination thereof.

15. The controller of claim 13, wherein the impedance
matching circuit matches an impedance of a source with that
ol a load, wherein the source 1includes the RF generator and
the RF cable, wherein the load includes a plasma chamber
and the RF transmission line.

16. The controller of claim 13, wherein the electrode 1s a
lower electrode of a plasma chamber, wherein the plasma
chamber includes a chuck and an upper electrode facing the
chuck, wherein the chuck includes the lower electrode.

17. The controller of claim 13, wherein the wvariable
includes a complex voltage and current at a point on the RF
cable.
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18. A controller comprising:
logic configured to:

receive data associated with a variable tfrom a radio
frequency (RF) generator;

generate values at an output of a computer-generated
model based on the received data, wherein the com-
puter-generated model 1s generated based on at least
one of an RF cable, an impedance matching circuit,
an RF transmission line, and an electrode;

count an amount of the values output from the com-
puter-generated model;

determine whether the amount exceeds a count thresh-
old;
generate a statistical value from the values output from

of the computer-generated model 1n response to

determining that the amount exceeds the count
threshold:;

determine whether the statistical value 1s outside a
pre-determined extent;

generate an indication of a fault 1n response to deter-
mimng that the statistical value 1s outside the pre-
determined extent; and

send the indication of the fault to the RF generator; and

a memory device configured to store the computer-gen-
crated model.

19. The controller of claim 18, wherein the logic 1s
configured to:

determine whether the statistical value 1s within a pre-
determined range;

adjust the statistical value to be within the pre-determined
range 1n response to determining that the statistical
value 1s outside the pre-determined range, wherein the
statistical value 1s adjusted to generate an adjusted
statistical value; and

send the adjusted statistical value to the RF generator to
control the RF generator to generate an adjusted RF
signal to provide to a plasma chamber via the 1imped-
ance matching circuit.

20. The controller of claim 18, wherein the variable
includes power, or frequency, or a real portion of load
impedance, and or an 1imaginary portion of the load 1mped-
ance, or a voltage magnitude, or a current magnitude, or a
phase between a complex voltage and a complex current, or
waler bias, or 10n energy, or plasma potential, or a complex
current, or a complex voltage, or load impedance, or a
combination thereof.

21. The controller of claim 18, wherein the variable

includes a complex voltage and current at a point on the RF
cable.
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